ABSTRACT: Mytilids occur worldwide, and mussel beds are a prominent intertidal and subtidal system feature. Brittany (France) has a complex population structure in which pure genotypes alternate with hybrids of Mytilus edulis and M. galloprovincialis, referred to here as 'mussels'. Mussels live attached to the substrate in subtidal and intertidal areas and are regularly exposed to strong environmental variations (e.g. desiccation, light, and temperature). The resistance of mussels to emersion is based on a combination of different strategies, such as metabolic rate depression, anaerobic metabolism and air breathing. In the present study, we have evaluated the differences in aerial and underwater mussel metabolism between an intertidal mussel bed and a subtidal one. Metabolism was measured seasonally for small (shell length 24 to 26 mm) and large (43 to 66 mm) individuals. Mussel aerial respiration fluxes were directly correlated with air temperature. In contrast, underwater carbon (DIC) fluxes seemed to be influenced by additional factors such as food availability and/or reproduction period. Underwater metabolism was higher in small mussels (intertidal: 35.9 μmol DIC g AFDW ). In contrast, aerial respiration showed different adaptations: small intertidal and subtidal mussels had similar respiration under emerged conditions, while large intertidal individuals showed higher carbon fluxes during emersion compared to subtidal individuals. These data suggest that while underwater fluxes were similar for the 2 mussel beds, all small and large intertidal mussels are far better able to tolerate emersion than large subtidal animals. Subtidal mussels seem thus to lose their ability to respire in air after becoming adult.
INTRODUCTION
The intertidal zone supports a rich and unique biota consisting almost entirely of marine organisms that are dependent on water cover or at least a very wet environment for most of their activities (Little & Kitching 1996) . Intertidal organisms are regularly exposed to large variations in environmental factors, such as temperature, food availability, humidity and salinity. This exposure is particularly true for sessile and sedentary organisms that cannot move to escape from environmental stresses imposed during low tide exposure to air (Nicastro et al. 2010) . Intertidal mollusks display a number of specialized adaptations to periodic emersion, correlated with level of exposure. The different adaptive strategies may include resistance mechanisms to elevated temperature and/or desiccation, tissue freeze, and hypoxia and anoxia tolerance (McMahon & Russel-Hunter 1977 , McMahon 1988 . Mussels are common in coastal water, and they are important species in aquaculture (FAO 2010) . The French mussel industry produces ~60 000 metric t yr −1 , and the 'Bouchots' technique, used in intertidal areas, accounts for the bulk of production in Brittany (Prou & Goulletquer 2002) . In the Mediterranean zone, deep-water longlines and suspended culture techniques are more commonly used. Bivalves, such as mussels and oysters, especially if grown intertidally, tolerate desiccation and are capable of journey times of several days for commercial purposes (Laing & Spencer 2006) .
Environmental differences between the intertidal and subtidal zones provide an excellent opportunity to study the adaptation of species to different habitats. To illustrate adaptive variations independently of phylogeny effects (Stillman & Somero 2000) , we chose to investigate the adaptation to intertidal and subtidal conditions of mussels living in the same area. Acclimatization to intertidal conditions can modify both tolerance to emersion and metabolic rates in Mytilus edulis L. (Demers & Guderley 1994) . Temperature variation is among the most important factors affecting respiration and oxygen consumption in mussels (Bayne 1976 , Marsden & Weatherhead 1998 , Jansen et al. 2009 ). Respiratory adaptation to emersion has mainly been assessed through oxygen flux measurements (Griffiths 1981 , Marsden & Weatherhead 1998 , Babarro et al. 2000 , Jansen et al. 2009 ), but intertidal carbon metabolism related to both aerobic and anaerobic respiration and to calcification remains poorly known. Some recent studies on rocky-shore species living in the coastal zone have shown that benthic animals could be a significant source of CO 2 for their surrounding environment (Clavier et al. 2009 , Lejart et al. 2012 . To complement these data, we here investigate the importance of Mytilus spp. in coastal carbon fluxes.
In the present study, we investigated seasonal variations of aquatic and aerial metabolism rates of Mytilus spp. populations, addressing the following questions: Are there respiratory differences between aerial and aquatic CO 2 production rates? Are metabolic rates different for intertidal and subtidal mussels? Are intertidal animals better adapted to aerial exposure?
MATERIALS AND METHODS

Sampling
Mussels were sampled in a coastal macrotidal ecosystem (maximum tidal amplitude: 8 m; tidal periodicity: 12 h 15 min) from Brittany, France (Fig. 1 ). Intertidal mussels were collected from the rocky shore at low tide, and subtidal mussels were collected from a mooring in the vicinity of Brest. Intertidal mussels were collected around mean tide level (aerial exposure time rate was 55%) and subtidal mussels at a depth of ca. 3 m below chart datum.
Mussels were collected the day before metabolic measurements were made. They were cleaned of epibionts. In the laboratory, subtidal mussels were kept in running sea water, whereas intertidal mussels were exposed to air during low tide in tanks that simulated the natural tidal cycle. A total of 55 specimens were selected from each site. Mussels were sorted by size and age; their age was determined by counting the rings of winter growth retardation on the shells (Millstein & O'Clair 2001 , Sukhotin et al. 2003 . Intertidal and subtidal small (2 to 3 yr old) mussels had a similar average shell length (24 and 26 mm, respectively), while subtidal large (5 to 7 yr old) mussels were larger than intertidal large mus- sels (66 mm and 43 mm respectively). The biomass of the specimens was determined by drying at 60°C for 24 h and combusting at 450°C for 4 h in a muffle furnace. The ash mass was then subtracted from the dry mass to obtain the ash-free dry weight (AFDW). All biomass results were expressed as g AFDW.
Genomic DNA analysis
The blue mussel Mytilus edulis and the Mediterranean mussel M. galloprovincialis Lmk. occur widely on the coasts of northern Europe, and wherever they are sympatric, they hybridize (Gosling et al. 2008) . The hybrid zone is large, ranging from the Atlantic coasts of France to northern Scotland, and is spatially complex, containing a mixture of pure, hybrid, and introgressed individuals (Daguin et al. 2001 , Gosling et al. 2008 . Despite some differences in shell morphology, distinguishing between M. galloprovincialis and M. edulis based solely on morphological characters is difficult and highly uncertain due to interbreeding and adaptations to environmental conditions (Gosling 1992) .
To identify Mytilus taxa, 10 mussels each from intertidal and subtidal studied zones were sampled for DNA analysis. Mussel foot tissue was powdered in a mortar in liquid nitrogen, and genomic DNA was isolated using a commercial DNA extraction kit (DNeasy blood & tissue kit, Qiagen) and quantified by UV absorbance spectroscopy. Polymerase chain reaction (PCR) was performed with standard methods (Sambrook et al. 1989 ) using the following amplification regime: 1 cycle of 5 min at 94°C; 40 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min 30 s at 72°C; 1 cycle of 10 min at 72°C; 1 cycle of overnight at 4°C. The primers were designed in the non-repetitive region of the 'foot protein 1' gene, coding for one of the adhesive proteins of the Mytilidae that contained inserts or deletions that are species-specific (Inoue et al. 1995) .
Amplification with primers Me15 (5'-CCA GTA TAC AAA CCT GTG AAG A-3') and Me16 (5'-TGT TGT CTT AAT AGG TTT GTA AGA-3') gave species-specific fragments of 180 (Mytilus edulis), 168 (M. trunculus), and 126 basepairs (bp) (M. galloprovincialis) respectively (Inoue et al. 1995) . Fragments were separated on 5% NUsieve GTG agarose (FMC Bioproducts) gels.
Aerial respiration
For metabolic measurements, we used 10 samples, each containing between 1 and 10 individuals and a reference. Aerial CO 2 metabolism was measured during short-time incubations in an airtight chamber, using an infrared gas analyzer (Migné et al. 2002) . At low tide time, i.e. when the natural population was emerged, animals were placed on a glass table in a climatic room. The indoor air in the climatic room was controlled by an aeration system directly connected with the exterior. Since the laboratory is located near a coastal zone, the air temperature and humidity in the climatic chamber was similar to what is found in the natural environment.
Samples were covered with an opaque chamber with an airtight rubber seal, connected via a closed circuit to the infrared gas analyzer (Li-Cor, LI 820). An adjustable pump maintained an air flow of 0.8 to 0.9 l min −1 into the circuit. To dehumidify the air, a desiccation column filled with anhydrous calcium sulfate (Drierite) was placed at the analyzer gas inlet. The CO 2 partial pressure (pCO 2 ; in parts per million, ppm = μmol CO 2 mol air −1 ) was displayed on a laptop computer and recorded at 5 s intervals for ~3 min. Aerial carbon respiration was measured for the 10 samples and a control without mussels every hour for 6 h to mimic the low tide condition for a natural population. Air temperature and relative humidity (RH) were measured every hour (T200 thermo-hygrometer, Trotec). Since the air of the room was directly pumped from the outside, the air humidity naturally varied with temperature as in the natural environment. Aerial fluxes correspond to the linear slope of the change in CO 2 concentration over time during the incubation period, corrected from the net volume of the enclosure and the incubation time.
Ammonium excretion
Ammonium ions (NH 4 + ) are the major nitrogenous waste product of aquatic mollusks (Bishop et al. 1983) . Excretion of ammonium resulting from the catabolism of organic nitrogen potentially causes an increase in total alkalinity (TA) by 1 equivalent per mole. The rate of ammonia excretion was determined for intertidal and subtidal mussels (large and small individuals) in summer and winter. Samples of water were taken at the beginning and at the end of respiration incubations and stored in 100 ml bottles. Ammonium concentration was determined according to the phenol-hypochlorite method (Solorzano 1969) . Reagents were added to the water samples immediately after sampling. After 24 h, sample coloration was measured at 630 nm (UV-1700 PharmaSpec, UV-VIS spectrophotometer, Shimadzu) using Milli-Q water as the blank. Ammonium excretion rates are expressed as μmol NH 4 + g AFDW −1 h −1 .
Calcification
Net calcification was estimated during immersion only, using the alkalinity anomaly technique (Smith & Key 1975 ) based on the fact that TA decreases by 2 equivalents for each mole of CaCO 3 precipitated. Net calcification rates (G) in a bottle (μmol CaCO 3 h −1 ) were estimated using the following equation: (1) where ΔTA is the variation of total alkalinity during incubation (μmol l −1 ), v is net bottle volume (l), and Δt is incubation time (h). Variations in nutrient concentrations may bias estimation of calcification from alkalinity changes. We assumed that in our shorttime incubation, nitrification process variation could be considered insignificant with regard to the total alkalinity variation observed in the present study, and we considered only ammonium production by an excretion process.
Underwater respiration
During natural high tide, animals were placed in opaque plastic bottles filled with natural filtered seawater directly pumped from the Bay of Brest. Underwater respiration fluxes were assessed during 1 to 1.5 h incubations. Bottles were kept in the dark and immersed in running sea water pumped from the Bay of Brest to maintain constant temperature matching natural conditions. Water was sampled from each bottle at the beginning and end of incubation. The pH (total scale) was measured immediately, using a pH meter (Radiometer PH240) standardized with Tris-HCl (2-amino-2-hydroxymethyl-1, 3-propanediol) and 2-aminopyridine/HCl buffer solutions in synthetic sea water with a salinity of 35. TA samples were filtered through 0.7 μm Whatman glass fiber filters (GF/F) and stored in 250 ml bottles in the dark. Analyses were carried out within 1 wk. TA (mmol kg −1 ) was determined on 20 ml subsamples by Gran automatic potentiometric titration (Radiometer, Titrilab TIM 865) using 0.01 M HCl. Water temperature was measured at the beginning and end of the incubations. Salinity, phosphate, and silicate concentrations were determined using the automated Marel Iroise Station (IUEM-UBO, Observatoire du Domaine Côtier), located near the pumping station providing the water for these experiments. The concentration of dissolved inorganic carbon (DIC) was calculated from the pH, TA, temperature, salinity, phosphate, and silicate concentrations (Pierrot et al. 2006) . The CO 2 dissociation constants K1 and K2 (Roy et al. 1993) were used in the computation. Underwater respiration (R, mmol DIC h −1 ) in each bottle was calculated according to Eq. (2): (2) where G is the net CaCO 3 flux in a bottle (mmol CaCO 3 h −1 ), v is the bottle volume (l), Δt is the incubation time (h), and ΔDIC is the change in the total inorganic carbon concentration (mmol DIC l −1 ).
Calcium carbonate content
Intertidal and subtidal individuals show different shell thickness and roughness. To help clarify calcification rates, differences among shells were tested with calcium carbonate measures. Calcium carbonate is predominantly found in the shell as outer calcite and the inner aragonite layer associated with the organic matrix (Soído et al. 2009 ). Five individuals of each intertidal and subtidal studied population were sampled. Soft tissues were removed, and dried shell was ground to obtain fine powder. The mass of shell treated was 0.35 g, dry weight, for all samples. The calcium carbonate of the sample was treated with an excess of hydrochloric acid, and the volume of carbon dioxide gas released was measured using a Bernard apparatus (Hulseman 1966) . Results were compared with the volume of CO 2 released by pure CaCO 3 . The carbonate content is expressed as a weight percentage.
Data treatment
Relationships were established between carbon fluxes during emersion and immersion and mussel AFDW biomass using a functional regression because both fluxes and biomass are affected by natural variability. To analyze the effect of temperature on respiration rates of mussels in emersion and immersion, an Arrhenius plot was established after logarithmic transformation as an inverse function of temperature:
where Flux is mussel respiration rate (ΔDIC underwater or ΔCO 2 in the air, μmol g
), a is a normalization constant, E a is the activation energy
), and T is the absolute temperature (K). An analysis of variance (ANOVA) test was used to compare Arrhenius linear regression (Sokal & Rohlf 1995) . When samples were too small or not normally distributed, Kruskal-Wallis and Mann-Whitney non-parametric tests were performed.
To estimate CO 2 fluxes on an annual scale, average contributions were calculated for aerial and underwater mean annual temperature. The CO 2 contribution was calculated considering that subtidal mussels are constantly immersed and that intertidal mussels are exposed to air for ~12 h d −1
.
RESULTS
Environmental parameters
Air and sea surface temperatures were respectively recorded in the bay of Brest at Camaret station (Météo France) and from the Marel Iroise Station, from January 2008 to April 2011 (Fig. 2) . Temperature ranged from 5.8 to 17.2°C in air and from 8.1 to 17.0°C at the sea surface. Average temperature for the studied period was 12.5°C for sea water and 12.1°C in the air.
Genomic DNA analysis
Of the 10 intertidal mussels examined, 5 exhibited 2 bands of 126 (Mytilus galloprovincialis specific) and 180 bp (M. edulis specific), whereas the other 5 mussels were homozygous for the 126 bp band (Fig. 3 , upper panel). One of the subtidal mussels (Mussel 12) was a heterozygote, and Mussel 15 was homozygous for the M. edulis allele. All other animals were homozygous for the M. galloprovincialis type allele (Fig. 3 , lower panel).
Aerial respiration
Carbon dioxide release during emersion differed between large and small mussels (Fig. 4) . Aerial respiration of large Mytilus remained stable during the . Agarose gel of the PCR products of the 'Foot protein 1' gene of mussels. The 180 bp product is characteristic of Mytilus edulis, and the 126 bp product is characteristic of M. galloprovincialis. Lanes 1 to 10: intertidal mussels; lanes 11 to 20: subtidal mussels 6 h aerial exposure, and slopes did not differ significantly among the temperatures tested (large intertidal ANOVA, p = 0.55; large subtidal ANOVA, p = 0.12) (Fig. 4A,B) . Respiration of small mussels was highly variable during the 6 h emersion. Slopes differed significantly among the temperatures tested (small intertidal ANOVA, p = 0.00; small subtidal ANOVA, p = 0.03) (Fig. 4C,D) . Large intertidal mussel respiration increased with temperature from 7 to 18°C and decreased for higher temperatures. For hot and dry conditions (28°C, 45% RH), fluxes were always low from the first hour after emersion. Comparatively, large subtidal aerial respiration remained very low during emersion at any tested temperature (Fig. 4B ). The lowest respiration was observed at the higher temperature (29°C) and lower humidity (40%). Temperature and atmospheric humidity were significantly related during our experiments (R 2 = 0.45, p = 0.00); thus, our experimental procedure did not allow separate study of the effects of these 2 parameters.
The relationship between temperature and aerial respiration rate was compared for intertidal and subtidal populations (Fig. 5) . Intertidal and subtidal large mussels showed different aerial respiration patterns (Fig. 5A) , and Arrhenius plots (Table 1) differed significantly for slopes (ANOVA, p = 0.00). Subtidal large mussels always exhibited low CO 2 fluxes (between 0.6 and 1.8 μmol CO 2 g AFDW h Relationships between intertidal and subtidal hourly aerial respiration rates per g AFDW and temperature (mean ± SD). (A) large mussels, (B) small mussels h −1 ). Intertidal Mytilus respiration rates increased exponentially with temperature from 7 to 18°C. Rates measured outside this temperature range did not fit the exponential curve and were found below critical limits for aerobic metabolism. The Arrhenius break temperature (ABT) was between 21 and 24°C.
Intertidal and subtidal small mussels showed similar fluxes for the same temperature and RH ranges, and Arrhenius plots (Table 1) did not differ significantly for slopes (ANOVA, p = 0.66) (Fig. 5B) . For both mussel beds, small animal aerial respiration increased exponentially with temperature; the Arrhenius plot fit CO 2 fluxes from 7 to 16°C (Table 1) . Fluxes decreased for temperatures higher than ABT, with minimal values at 21°C.
Maximal respiration rates were slightly higher for small (14.3 μmol CO 2 g AFDW −1 h −1
) than for large intertidal mussels (10.9 μmol CO 2 g AFDW −1 h −1
). Maximal aerial CO 2 flux was 7-fold higher for small than for large subtidal mussels.
Ammonium excretion
Ammonium fluxes varied from 1.4 to 7.6 μmol NH 4 g AFDW −1 h −1 in summer and from 1.2 to 7.0 μmol NH 4 g AFDW −1 h −1 in winter (Fig. 6 ). Small mussels showed stronger fluxes than large individuals. Winter and summer ammonium fluxes were significantly different for large and small intertidal mussels (ANOVA, p < 0.01) with higher values during summer. Conversely, large and small subtidal mussels showed similar fluxes during summer and winter. Average NH 4 + rate was used to correct TA for subtidal mussels. For intertidal mussels, calcification fluxes were corrected with summer and winter ammonium values; spring and autumn analyses were corrected with average NH 4 + rates.
Calcification
Net calcification was positive for all mussels tested (Fig. 7) . Average uptake was 4.3 and 15.7 μmol CaCO 3 g AFDW −1 h −1
, for large and small mussels, respectively. Net calcification showed a clear seasonal pattern with minimum values in winter and maximum in summer. Intertidal and subtidal beds did not show significant differences (large p = 0.47, small p = 0.07, Mann-Whitney test). Considering that subtidal animals are always immersed and that intertidal mussels are in water for 12 h d ).
Underwater respiration
The relationship between temperature and underwater respiration rate was compared for intertidal and subtidal populations (Fig. 8) . Arrhenius plots show that underwater respiration was not directly correlated with temperature (large mussels R 2 = 0.10; small mussels R 2 = 0.00). Average respiration rates were higher in small (intertidal 35.9 μmol DIC g AFDW ). Respiration rates differed significantly among the 4 mussel groups (Kruskall-Wallis, p < 0.05). Comparing mussel groups 2-by-2, significant differences existed between large intertidal and small intertidal and between large subtidal and small intertidal and subtidal mussels (MannWhitney test, p < 0.05). ). Intertidal mussel respiration was higher during submersion than during emersion for all samples (Fig. 9 ). The aerial: aquatic respiration ratio of 0.2 was the same for large and small intertidal as well as for small subtidal mussels, where as aerial respiration was less efficient for large subtidal mussels (ratio of 0.06). The Arrhenius plots (Table 1) for underwater and air respiration differed sig nificantly for large intertidal (ANOVA, p = 0.02) but not for the other mussels tested (ANOVA, large subtidal p = 0.19; small subtidal p = 0.24; small intertidal p = 0.20).
Calcium carbonate content
Mean percentage of calcium carbonate content in subtidal shells was lower (82.46 ± 2.73% CaCO 3 ) than in intertidal shells (89.45 ± 2.52% CaCO 3 ) (p = 0.01, Mann-Whitney test).
CO 2 contribution
The mean total daily CO 2 emission by large intertidal and subtidal mussels was estimated at 0.4 and 0.8 mmol CO 2 g AFDW
, respectively. Mean annual carbon production by large intertidal mussels was 16 g C g AFDW −1 yr −1 and was 29 g C g AFDW −1 yr −1 for large subtidal mussels. For intertidal mussels, the relative contri bution of annual carbon sources varied between 28 and 8% for aerial respiration, 50 and 81% for underwater respi ration, and 22 and 11% for calcification for small and large animals, respectively. The relative contributions for subtidal mussels were 57 to 85% for underwater respiration and 43 to 14% for calcification for small and large animals, respectively. Relationship between intertidal and subtidal hourly underwater respiration (dissolved inorganic carbon, DIC) rates per g biomass (AFDW) and temperature (mean ± SD). (A) large mussels, (B) small mussels
DISCUSSION
Genomic DNA analysis
In the present study, a total of 20 individuals were genotyped for foot-protein-1 alleles through amplification with PCR primers Me15 and Me16. Despite this relatively small sample, our results demonstrate that homozygotes and hybrids are present in both the intertidal and subtidal mussel beds. In the studied area, Mytilus galloprovincialis clearly dominates, as already described by Bierne et al. (2003) . In European Atlantic coasts, the spatial distribution of mussel species shows a mosaic structure correlated with environmental factors such as salinity, wave exposure and tidal height at a local scale (Gosling & Wilkins 1981 , Gosling & McGrath 1990 , Bierne et al. 2002 . The different allele compositions between intertidal and subtidal mussels beds have been studied in the Wadden Sea (Luttikhuizen et al. 2002) , and no significant differences were detected. Previous studies in mussel metabolism did not test whether individuals belonged to a single species. The genomic analysis permitted testing for the presence of 2 mussel species and their hybrids in the studied zone. Our results suggest that intertidal and subtidal populations had similar species and hybrid compositions.
Aerial respiration
In the present study, respiration rates were measured in the laboratory where mussels were exposed to ecologically realistic conditions of temperature, humidity and tidal cycle. Body temperature and de siccation rates can significantly affect metabolism and survival of intertidal invertebrates. To clarify the responses of mussels to intertidal conditions, we compared intertidal and subtidal population metabolisms. Intertidal large mussel aerial respiration rates showed clear seasonal variation related to temperature, contrary to subtidal animals that always exhibited low CO 2 fluxes during emersion time for all temperatures tested. Large intertidal mussels seemed better adapted to aerial conditions than large subtidal animals. Mussels from higher tidal levels, exposed to periodic emersion, acquire adaptation to air exposure and desiccation with intermittent air breathing 'gaping' behavior and improved water conservation ability (McMahon 1988 , Demers & Guderley 1994 , Sokolova et al. 2000 , Sokolova & Portner 2001 . Even if intertidal Mytilus can use atmospheric oxygen through the slight valve gape (gaping) (McMahon 1988) , oxygen consumption is 4 to 15% lower during emersion than during immersion (Widdows et al. 1979 , Widdows & Shick 1985 . The ability to retain water in the mantle cavity can provide a most suitable condition for respiratory exchanges and a better ionic regulation. As reported for different mollusks and crustaceans, water stores are progressively depleted and ionic concentration increases during air exposure to avoid variations in hemolymph composition (Wood et al. 1986 , Burnett 1988 , Truchot 1990 ). Research on M. edulis suggests that differential resistance to prolonged air exposure may also correlate with anaerobic metabolism ability and reduced metabolic energy expenditure capacity (Widdows & Shick 1985 , Demers & Guderley 1994 , Marsden & Weatherhead 1998 . The ability of bivalves to respire anaerobically is well documented (Brinkhoff et al. 1983 , Babarro et al. 2007 , Connor & Gracey 2011 and is connected to remarkably high tissue glycogen contents (Hochachka & Mustafa 1972) .
If we assume that the respiration quotient between O 2 and CO 2 is 1, the mean aerial respiration rate for large mussels varied between 0.06 and 0.35 mg O 2 g AFDW −1 h −1 for temperatures between 11 and 18°C. Respiration rates measured in our study are similar to those reported in previous studies, i.e. 0.02 to 0.05 mg O 2 g −1 dry weight (DW) h −1 for temperatures between 10 and 25°C (Widdows et al. 1979 ) and 0.5 to 0.4 mg O 2 h −1 at 14°C (Labarta et al. 1997 ). The present study showed that small intertidal and subtidal Mytilus aerial CO 2 fluxes were similar and mainly controlled by temperature, as indicated by Arrhenius plots. Small mussels showed higher respiratory fluxes than large individuals. In animals with infinite growth, such as mollusks, it is not possible to . Mytilus spp. Hourly underwater and aerial carbon respiration (mean + SD) of mussels per g AFDW separate the aging effect from the size effect, and any senescence metabolism modification can be masked by the continuously increasing size (Sukhotin & Flyachinskaya 2009) . A decrease in respiration rate with increasing age and weight has already been observed in oyster, limpets, and mussels (Sukhotin & Pörtner 2001 , Martin et al. 2006 , Lejart et al. 2012 .
The driving influence of temperature on respiration is well known in marine mollusks (Newell 1973 , Huang & Newell 2002 , Martin et al. 2006 . Respiration rates usually increase with temperature until a threshold is reached: the ABT, defined as the temperature above which respiration rates drop drastically. Our results showed that aerial fluxes increased with temperature until 24°C for large intertidal mussels and until 15 and 18°C for small intertidal and subtidal individuals, respectively. The reduction in CO 2 fluxes after ABT temperature may be caused by a limitation in respiratory mechanisms to protect animals from desiccation at higher temperatures. Even if the average monthly air temperature was always <18°C, during emersion, different environmental factors can control body temperature. While emerged, an organism's body temperature can be influenced by solar radiation, air temperature, and convective heat ex changes (Helmuth 1998) . Consequently, the body temperature in intertidal natural conditions is very likely to increase markedly during low tide (Helmuth & Hofmann 2001) . Smaller animals were more sensitive to high air temperature and may resist summer temperatures (20 to 25°C) by reducing respiration rates and living closer to the thermal limits. In many species, stress resistance increases with the developmental stage of the animal, and different metabolic factors or shell structural properties may explain thermal tolerance variability (Wallis 1975 , Sukhotin et al. 2003 .
Underwater respiration
Most respiration rates given for mollusks are based on O 2 underwater measurements (Widdows 1973 , Simpfendörfer et al. 1995 , whereas the associated carbon release is still poorly characterized. If we consider that the respiration quotient between O 2 and CO 2 is 1, mean respiration rates for the large mussels that we measured corresponded to 1.23 mg O 2 g AFDW −1 h −1 for the average annual temperature of 13°C. Respiration rates measured in our study are slightly higher than those given in previous studies: 0.32 mg O 2 g −1 DW h −1 at 15°C for Mytilus edulis (Widdows 1973 at 10°C for M. edulis (Widdows et al. 1979) , and 0.4 to 0.8 mg O 2 g −1 shell-free DW h −1 at 13°C for M. galloprovincialis (Jansen et al. 2009) .
In most laboratory studies, aquatic respiration is measured at active (maximal activity) or routine rates (normal activity). In our experiment, fluxes were measured in filtered seawater where mussels cannot feed, and the respiratory rate reflected the standard or inactive rate. Our results showed that aerial respiration was strongly size dependent. As observed for aerial fluxes, underwater respiration was higher for small animals. Mussels seem unable to maintain high aerial respiration rates when body size increases.
Within the studied temperature range (9 to 19°C), DIC fluxes were relatively temperature independent, as reported for Mytilus edulis and M. californianus (Widdows 1973 , Bayne 1976 ). A change in the level of activity appears to be a major factor in the process of metabolic compensation in response to temperature (Widdows 1973) . In the present study, under water respiration rates seemed more influenced by reproduction period and food availability. Extreme carbon fluxes (not shown in Fig. 8 ) of 50 to 60 μmol g AFDW −1 h −1 were recorded during gamete release and strong food availability periods (sea surface chlorophyll fluorescence data; Marel Iroise data). The variation of food expressed as chlorophyll a concentrations is an important factor influencing seasonal respiration patterns in M. galloprovincialis (Babarro et al. 2000) .
Aerial/underwater comparison
Respiration responses of mussels were strongly different between the immersion and emersion period. While underwater carbon fluxes did not vary with temperature, aerial fluxes were highly influenced by temperature variations. During emersion, some intertidal bivalves breathe at a rate similar to that in water , Widdows & Shick 1985 ; however, this is not a general feature for mussels. We found that aerial respiration represented 23% of underwater respiration for small intertidal, 19% for large intertidal and small subtidal, and only 5.6% for large subtidal mussels. A similar study in Mytilus edulis showed that aerial rates ranged from 14 to 20% of underwater rates (Widdows & Shick 1985) .
Ammonium excretion
Ammonia fluxes are highly variable because of influences from several factors, such as temperature, season and reproductive cycle. (Gabbott & Bayne 1973) In the present study, mussel size strongly influenced respiration and excretion; small mussels showed stronger excretion fluxes per biomass unit. In marine bivalves, excretion rate increases with individual biomass; however, the rate of excretion per unit biomass decreases as an individual grows larger (Vaughn & Hakenkamp 2001) . Summer and winter rates of ammonium excretion for large mussels (1.2 and 3.2 μmol g AFDW −1 h −1
, respectively) were comparable to results of previous studies in Mytilus edulis (~1.13 μmol g −1 h −1
) (Thomsen & Melzner 2010) . Ammonia rates follow seasonal changes; in M. edulis, excretion is known to be maximal in spring and summer and minimal in winter (Bayne & Scullard 1977) .
Calcification and calcium carbonate content
The alkalinity anomaly technique is a sensitive and appropriate technique for short-term studies of calcification fluxes in individual organisms (Chisholm & Gattuso 1991 , Gazeau et al. 2007 ). Excretion of ammonium resulting from the catabolism potentially causes an increase in total alkalinity by 1 equivalent per mole. In the present study, CaCO 3 fluxes were corrected with ammonium rates calculated during the summer and winter period, and the correction increased CaCO 3 fluxes on average by 13%. These results confirm that ammonium effects on AT are smaller than the variability observed in calcification estimates (Jacques & Pilson 1980 , Chisholm & Gattuso 1991 , Gazeau et al. 2007 ).
As reported in several studies (Malone & Dodd 1967 , Lutz & Clark 1984 , Martin et al. 2006 , Clavier et al. 2009 , Lejart et al. 2012 , annual variation in invertebrate carbonate deposition is marked. This technique has been only used in a previous study that aimed to assess mussel calcification rates. The comparison with our data remains difficult because rates were expressed on a fresh weight basis (net calcification rates between −0.2 and 0.6 μmol CaCO 3 g FW
) (Gazeau et al. 2007 ). In our study, net CaCO 3 fluxes were clearly season dependent, with higher calcification in spring and summer and a predominance of carbonate dissolution in winter. Environmental factors, e.g. temperature and salinity, influence the mineralogy and calcification of mussel shell (Taylor et al. 1973) . During the warm summer months, regular crystals are deposited, but as water temperature declines, crystal growth ceases and the shell may even be eroded as calcium carbonate apparently buffers the acidic end-products of anaerobic metabolism (Lutz & Clark 1984) . The effect of these and other factors, such as aerial exposure, on crystal growth determines the rate of shell deposition.
Our results show that small individuals precipitated more CaCO 3 per biomass unit than large individuals and that they were more influenced by seasonal variability. With increasing size, the growth rate declines due to reduced relative metabolic activity and reduced rate of water transport and food uptake in larger mussels (Bayne 1976 , Kautsky 1982 ). Small mussels may also suffer from intraspecific feeding competition, obtaining more advantage with increasing size (Kautsky 1982) .
The growth rate of Mytilus spp. depends on the tidal period and increases with time of submergence because during the uncovering period, calcification is not possible (Pannella 1976 , Buschbaum & Saier 2001 . Mussels can develop morphological variations in response to environmental conditions during their life. In our study, large subtidal mussels were much larger than intertidal animals at the same age, while their shells were thinner with lower calcium carbonate content. Large intertidal mussels' mean hourly CaCO 3 fluxes were almost double compared to large subtidal mussel fluxes. Even if hourly calcification rates are higher for intertidal animals, daily fluxes are slightly higher for subtidal mussels, considering that intertidal individuals are immersed only 12 h d −1 . Animals from the high intertidal zone exhibited lower growth rates than those permanently immersed. Previous studies have confirmed that Mytilus edulis and Perna canaliculus (Gmelin, 1791) from higher tidal levels possess relatively thicker shells and larger adductor muscles (Lewis & Seed 1969 , Hickman & Illingworth 1980 . Mollusks with solid shells are more likely to withstand exposure to waves, drying, and temperature variations (Vermeij 1972 , Alyakrinskaya 2005 . We show here that intertidal mussels have a smaller but stronger shell than subtidal animals, an important feature used to protect animals during aerial exposure.
CO 2 contribution
Annual carbon fluxes of intertidal large Mytilus spp. are mainly due to underwater respiration. The calcification contribution was significant, with a ratio of 11% of total fluxes for intertidal and 14% for subtidal mussels. Our results show that CO 2 released by calcification processes is similar to previous values given for bivalves, 25% for Crassostrea gigas (Lejart et al. 2012) , and 33% for Potamocorbula amurensis (Chauvaud et al. 2003) . Further studies on intertidal hard substrate species will allow calculations of the contribution of the whole intertidal community to CO 2 emissions.
Mussel beds are dense heterotrophic communities that are economically and ecologically important to the coastal zone. The present study demonstrates that Mytilus spp. metabolism significantly contributes to CO 2 release in both the intertidal and subtidal zones. 
